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VOLTAGE REGULATOR WITH IMPROVED
LOAD REGULATION

FIELD OF THE INVENTION

This invention relates to a voltage regulator.

BACKGROUND OF THE INVENTION

A voltage regulator 1s a device for regulating a voltage
applied across a load so as to make the applied voltage
insensitive against changes 1n the current drawn by the load.
An 1deal voltage regulator delivers a voltage that does not
depend on the resistance of the load.

SUMMARY OF THE

INVENTION

The present invention provides a voltage regulator as
described 1n the accompanying claims.

Specific embodiments of the mnvention are set forth n the
dependent claims.

These and other aspects of the mvention will be apparent
from and elucidated with reference to the embodiments
described hereinaiter.

BRIEF DESCRIPTION OF THE

DRAWINGS

Further details, aspects and embodiments of the invention
will be described, by way of example only, with reference to
the drawings. In the drawings, like reference numbers are
used to identify like or functionally similar elements. Ele-
ments 1n the figures are 1llustrated for simplicity and clarity
and have not necessarily been drawn to scale.

FIG. 1 schematically shows an example of an embodi-
ment of a voltage regulator.

FIG. 2 schematically shows an example of another
embodiment of a voltage regulator.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

Because the 1llustrated embodiments of the present inven-
tion may for the most part, be implemented using electronic
components and circuits known to those skilled in the art,
details will not be explained 1n any greater extent than that
considered necessary as 1llustrated above, for the under-
standing and appreciation of the underlying concepts of the
present invention and in order not to obfuscate or distract
from the teachings of the present invention.

FIG. 1 schematically shows an example of a voltage
regulator 10. The voltage regulator 10 may be implemented
as an integrated circuit (IC) 12. The regulator 10 may
comprise a ground node 14 and a supply node 16. The
regulator 10 may be powered by applying a ground voltage
at the ground node 14 and a different, e.g., higher supply
voltage Vdd at the supply node 16. The regulator 10 may
turther comprise an output node 18 for delivering an output
voltage Vout_old. A load 20 may be connected between the
output node 18 and the ground node 14. The voltage between
the output node 18 and the ground node 14 may generate a
load current Iload 1n the load 20.

The regulator 10 may comprise a pick-ofl node 22 for
providing a regulated voltage (pick-ofl voltage). In the
shown example, the pick-ofl voltage at the pick-oil node 22
1s regulated by means of a feedback loop 22, 26, 24, 34, 30,
35, 38, 22. It 1s pointed out that this feedback loop 1s only
an example and that a variety of other negative feedback

10

15

20

25

30

35

40

45

50

55

60

65

2

mechanisms may be employed. The shown example of a
teedback loop notably comprises an operational amplifier 30
and transistor 38. The transistor 38 may be connected
between the supply node 16 and the pick-ofl node 22. The
transistor 38 may have a control terminal connected to an
output 35 of the operational amplifier 30. In the example
shown, the transistor 38 1s a PMOS field eflect transistor
with a source terminal connected to the supply node 16, a
drain connected to the pick-oil node 22, and a gate acting as
the control terminal. The operational amplifier 30 may have
a differential mnput 32, 34 that comprises a first mput 32
(reference mput) and a second mput 34 (feedback input).
The reference input 32 may be connected to a voltage source
36 so as to apply a reference voltage Ref to the reference
input 32. The operational amplifier 34 may be arranged to
deliver an amplifier output voltage at the output 35. The
amplifier output voltage may be proportional to the voltage
difference applied at the differential input 32, 34. A bias node
24, connected between, e.g., the ground node 14 and the
pick-oil node 22, may be connected to the feedback iput 34.
The conductivity of the transistor 38 may thus be adapted 1n
dependence on the difference between the voltage at the bias
node 24 (bias voltage) and the reference voltage Ref, result-
ing 1n a negative feedback. Figuratively speaking, the opera-
tional amplifier 30, by controlling the transistor 38, attempts
to mimimize the differential voltage at the differential mputs
32, 34. As a result, the voltage at the bias node 24 may settle
at the reference voltage Ref. In other words, the operational
amplifier may pull the voltage at the bias node 24 to the
reference voltage Ref.

The bias node 24 may be part of a voltage divider
connected between the pick-oil node 22 and the ground node
14. In the example shown, the voltage divider comprises a
resistive element 26 (second resistive element), the bias
node 24, and a resistive element 28 (third resistive element).
The second resistive element 26 may be connected between
the pick-ofl node 22 and the bias node 24. The third resistive
clement 28 may be connected between the bias node 24 and
the ground node 14.

The voltage regulator 10 may thus comprise a regulator
branch 26, 24, 28 and a load branch 18, 20 which are
connected 1n parallel between the pick-ofl node 22 and the
ground node 14. The regulator branch 26, 24, 28 in con-
junction with the feedback network 30, 38 thus provides
regulated voltage levels at both the bias node 24 and the
pick-ofl node 22. A stationary load current Iload and a
stationary residual current Ires may thus be generated in the
load branch 18, 20 and in the regulator branch 26, 24, 28,
respectively.

In a simplified picture, the load 20 may be connected
between, e.g., the ground node 14 and the pick-ofl node 22
through one or more connecting lines 40 that have a negli-
gible resistance. In this sunphﬁed picture, the load 20 may
thus experience a voltage that i1s 1dentical to the voltage at
the pick-ofl node 22 (pick-ofl voltage). In other words, the
output voltage Vout_old seen by the load 20 1s identical to
the pick-ofl voltage, as there 1s no voltage drop in the one or
more connecting lines 40. The pick-oil voltage may be
related to the reference voltage Ref as follows: Vpick-oll=
(R1+R2)/R2 *Ref. The residual current Ires in the regulator
branch may be expressed as Ires=Rel/R2. The load current

Iload in the load branch 18, 20 may be expressed as
Iload=Vpickoil/Rload. R1, R2, and Rload are the resistances

of the second resistor 26, the third resistor 28, and the load
20, respectively. In a typical scenario, each of the resistances
R1 and R2 1s at least a magnmitude greater than the resistance
Rload of the load 20. Accordingly, the residual current Ires
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in the regulator branch 26, 24, 28 may be at least a
magnitude smaller than the load current Iload.

In a more realistic picture, however, the connecting wires
in the load branch 18, 20 between the pick-ofl node 22 and
the ground node 14 are not negligible and may be charac-
terized by a positive resistance Rwire. Rwire may be the
total resistance of the one or more connecting lines 40, e.g.,
wires, that may be connected between the pick-ofl node 22
and the load 20 and also between the load 20 and the ground
node 14. The resulting voltage experienced by the load 20 1s
therefore Vout_old=Rload/(Rwire+Rload)*Vpick-off. The
load voltage Vout_old 1s seen to depend on the resistance
Rload of the load 20. This effect 1s explained by the fact that
the resistive connecting lines 40 are located outside the
teedback loop 24, 30, 22, 26. Such dependence of the load
voltage Vout_old on the resistance of the load may be
undesired.

Referring now to FIG. 2, an example of a modified
version of the voltage regulator 10 1s described. The regu-
lator 10 comprises additional circuitry designed to compen-
sate for the voltage drop across the one or more connecting
lines 40 described above 1n reference to FIG. 1. As a result,
the voltage experienced by the load 20, indicated as Vout_
new 1n FIG. 2, may depend less markedly on the load current
Iload. The i1dea may be seen 1n raising the voltage at the
pick-ofl node 22 in proportion to the load current Iload,
thereby compensating at least partially the voltage drop
across the one or more connecting lines 40. In the shown
example, this may be achieved by means of a voltage raising
clement connected between the bias node 24 and the pick-off
node 22, wherein the voltage raising element 1s arranged to
increase the voltage between the bias node 24 and the
pick-oil node 22 when the load current Iload increases and
to decrease the voltage between the bias node 24 and the
pick-oil node 22 when the load current Iload decreases.

In the example shown, the voltage raising element may be
provided 1n the form of a resistive element 42 connected
between the pick-off node 22 and a tap node 50. The tap
node 50 may be located on the regulator branch between the
resistive element 42 and the bias node 24. In this particular
example, the regulator branch, 1.e., the branch connecting
the pick-off node 22 to the ground node 14 via the bias node
24, may comprise the following elements connected 1n
series 1n this order: The resistive element 42 (first resistive
clement), the tap node 50, the second resistive element 26,
the bias node 24, the third resistive element 28, and a fourth
resistive element 44. The resistive elements 42, 26, 28, and
44 may have resistances R1_met, R1, R2, and R2_met,
respectively. As mentioned above, the resistances R1 and R2
may be large 1n comparison to the resistance Rload of the
load 20 1n order to minimize a power loss involved with the
residual current Ires.

The tap node 50 may be connected to a current mirror for
drawing a tap current Itap from the tap node 50 to increase
the voltage across the first resistive element 42 by an
increment of R1_met*Itap. The current mirror may be
coupled to the rest of the circuit in such a way that an
increase of the load current Iload 1s accompanied by a
corresponding increase of the tap current Itap. The tap
current may, for instance, be proportional to the load current
Iload. Alternatively, the tap current may, for example, be the
sum of an oflset component which does not correlate with
the load current Iload and a linear component that i1s pro-
portional to the load current Iload.

In the shown example, the current mirror comprises a first
current mirror 38, 44 and a second current mirror 46, 48. The
first current mirror may comprise the first transistor 38 and
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a second transistor 44 while the second current mirror may
comprise a third transistor 46 and a fourth transistor 48. The
first current mirror 38, 44 may be arranged to generate a {irst
mirror current through the second transistor 44 that 1s
proportional to the current through the first transistor 38. The
second current mirror 46, 48 may generate the tap current 1n
proportion to the first mirror current. The tap current may
also be referred to as the second mirror current. The mirror
ratio of the current mirror 38, 44, 46, 48 may be significantly
smaller than 1 so as to minimize a power loss associated
with the first and second mirror currents. For example, the
tap current may be a fraction 1/K of the current through the
first transistor 38. In the shown example, the first current
mirror 38, 44 has a mirror ratio of 1/K. In other words, the
first mirror current, that 1s, the current the second transistor
44 and the third transistor 46, may be 1/K*(Iload+Ires),
noting that the current through the first transistor 48 i1s the
sum of the load current Iload and the residual current Ires,
and considering that the tap current Itap may be small
compared to the residual current Ires 1f the constant K 1s
chosen sufliciently large. For example, K may be chosen
greater than five or, e.g., greater than fifty. The mirror ratio
1/K may be substantially identical to the area ratio of the
second transistor 44 and the first transistor 48. More spe-
cifically, the first transistor 38 may have a cross-sectional
area which 1s K times larger than the cross-sectional area of
the second transistor 44. The mirror ratio of the second
current mirror 46, 48 may be one, for example. However,
other ratios are possible. The load regulation may be
trimmed by selecting suitable mirror ratios.

The first resistive element 42 may thus raise the pick-oft
voltage 22 by a value of approximately R1_met*Iload/K
compared to a situation in which the load current 1s zero. On
the other hand, the one or more connecting wires may cause
a voltage loss of magnitude Rwire*Iload. This loss may be
canceled by choosing the constant K and the resistance
R1 met such that R1 met/K=Rwire. In order to ensure that
this compensation 1s valid at different temperatures, the
resistive element 42 may be made of the same material as the
one or more connecting lines 40.

It 1s noted that the first resistive element 42 1s, 1n this
example, traversed not only by the tap current Itap but also
by the residual current Ires and that the total voltage across
the first resistive element 1s therefore R1_met*(Ires+Itap).
The component Itap*R1_met may be desired to compensate
the voltage Rwire*Iload in the load branch as discussed
above. The component R1_met*Ires may, however, be con-
sidered as side eflect of the introduction of the first resistive
clement 42, and it may be problematic insofar as the
resistance R1_met may have a different temperature char-
acteristic compared to the resistances R1 and R2 of the
voltage divider. In the shown example, the fourth resistive
clement 44 has been introduced to ensure that the ratio
(R1_met+R1)/(R2+R2_met) has a temperature characteris-
tic that 1s not adversely aflected by the introduction of the
first resistive element 42. More specifically, the resistances
R1_met and R2_met may be chosen such that (R1_met+
R1)(R2+R2_met)=R 1/R2, which 1s equivalent to
R1/R1_met=R1/R2.

There may be a good compensation 1n a full temperature
range 1f the material of the one or more connecting lines and
the resistive elements 42 and 44 1s identical, ¢.g., aluminum.
If the matenals are different, however, compensation may be
achieved at one temperature. Other contributors of load
regulations may be trimmed too, for example, 1n case of a
small amplifier gain. It may also be possible to implement a
negative load regulation term in order to compensate some
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external contributors, such as a resistance of a printed circuit
board (PCB) between the IC and the load 20. The load
regulation may be trimmed by changing a ratio of the current
mirrors 38 and 44 or 46 and 48.

In one example, the following numerical values may
apply: Ref=1 V, R1/R2=4, resulting in Vout=> V, Iload_
max=0.5 A. The one or more connecting lines, e.g. a wire,
may, for example, have a length of 2 mm; Rwire=0.1 Ohm
at a temperature T=25° C. In the scheme of FI1G. 1, there thus

be a non-compensated voltage drop due to Rwire and Iload
of 0.5 A*0.1 Ohm=50 mV. In the improved scheme (see
FIG. 2) with, e.g., R1=0.4 MOhm, R2=0.1 MOhm, K=200,
R1 met=0.1 Ohm*200=20 Ohm, R2 met=5 Ohm, the load
dependence may be compensated.

In the foregoing specification, the invention has been
described with reference to specific examples of embodi-
ments of the invention. It will, however, be evident that
vartous modifications and changes may be made therein
without departing from the broader spirit and scope of the
invention as set forth 1n the appended claims. For example,
the resistive element 26 may be omitted if a regulated
voltage at the bias node 24 1s provided 1n some other manner.

Although specific conductivity types or polarity of poten-
tials have been described 1n the examples, 1t will be appre-
ciated that conductivity types and polarities of potentials
may be reversed.

Also for example, 1n one embodiment, the illustrated
examples may be implemented as circuitry located on a
single integrated circuit or within a same device. For
example, the voltage source 36 may be located within the IC
12. Alternatively, the examples may be implemented as any
number ol separate mntegrated circuits or separate devices
interconnected with each other in a suitable manner. For
example, the voltage source 36 may be external to the 1IC 12.

Also for example, the examples, or portions thereof, may
implemented as soit or code representations of physical
circuitry or of logical representations convertible into physi-
cal circuitry, such as 1n a hardware description language of
any appropriate type.

However, other modifications, variations and alternatives
are also possible. The specifications and drawings are,
accordingly, to be regarded 1n an illustrative rather than 1n a
restrictive sense.

The expression “equal” or “identical” means equal or
identical for the purpose in question. For instance, two
numerical values may be considered equal 1f a difference
between them 1s negligibly small for the purpose 1n question.

In the claims, any reference signs placed between paren-
theses shall not be construed as limiting the claim. The word
‘comprising’ does not exclude the presence of other ele-
ments or steps then those listed in a claim. Furthermore, the
terms “a” or ““an,” as used herein, are defined as one or more
than one. Also, the use of mtroductory phrases such as “at
least one” and “one or more” 1n the claims should not be
construed to imply that the introduction of another claim
clement by the indefimite articles “a” or “an” limits any
particular claim containing such introduced claim element to
inventions containing only one such element, even when the
same claim includes the introductory phrases “one or more”
or “at least one” and indefinite articles such as “a” or “an.”
The same holds true for the use of definite articles. Unless
stated otherwise, terms such as “first” and “second” are used
to arbitrarily distinguish between the elements such terms
describe. Thus, these terms are not necessarily intended to
indicate temporal or other prioritization of such elements.
The mere fact that certain measures are recited 1n mutually
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6

different claims does not indicate that a combination of these
measures cannot be used to advantage.

The mvention clamed 1is:

1. A voltage regulator for applying a regulated voltage
across a load, wherein the voltage regulator comprises a
ground node, a pick-ofl node, a regulator branch, a load
branch, and a current mirror;

the ground node 1s arranged to provide a ground voltage;

the pick-ofl node 1s arranged to provide a pick-ofl voltage;

the regulator branch and the load branch are connected 1n
parallel between the pick-oil node and the ground node;

the load branch comprises one or more resistive connect-
ing lines that are connected or connectable in series
with the load to generate a load current through the load
branch;
the regulator branch comprises a bias node, a first resistive
clement, a tap node, a voltage divider comprising
second and third resistive elements, and a fourth resis-
tive element, the voltage divider connected between the
tap node and the ground, wherein the voltage divider
comprises the bias node, the bias node i1s arranged to
provide a regulated bias voltage, the first resistive
clement 1s connected between the bias node and the
pick-ofl node, the second resistive element 1s connected
between the voltage divider and the ground node, and
the tap node 1s connected between the bias node and the
first resistive element the first, second, third, and fourth
resistive elements have resistances R1_met, R1, R2,
and R2_met, respectively, and the ratio R1_met/
R2_met 1s equal to the ratio R1/R2;

wherein the current mirror 1s connected to the tap node
and arranged to draw a tap current from the tap node;
the tap current having a component that 1s proportional

to the load current so that the pick-ofl voltage increases
when the load current increases and decreases when the
load current decreases.

2. The voltage regulator of claim 1, wherein the tap
current 1s equal to a fraction 1/K of the load current, wherein
K 1s a constant greater than five.

3. The voltage regulator of claim 2, wherein the first
resistive element has a resistance R1 met and the one or
more connecting lines together have a resistance Rwire, and
wherein R1_met divided by K 1s approximately equal to
Rwire.

4. The voltage regulator of claim 1, wherein the first
resistive element and the one or more connecting lines are
made of the same material.

5. The voltage regulator of claim 1, wherein the first
resistive element and the one or more connecting lines are
made ol a metal.

6. The voltage regulator of claim 1, comprising a feedback
network for regulating the bias voltage to a reference volt-
age.

7. The voltage regulator of claim 6, wherein the feedback
network comprises an operational amplifier and a transistor;
the operational amplifier has a reference input, a feedback
input and an amplifier output; the transistor 1s connected
between a supply node and the pick-ofl node and has a
control terminal connected to the amplifier output.

8. The voltage regulator of claim 7, wherein the current
mirror 1s a second current mirror, the tap current i1s a second
mirror current, the transistor i1s a first transistor, and the
voltage regulator comprises a second transistor;

wherein the first transistor and the second transistor are

connected to form a first current mirror for generating
a first mirror current that 1s proportional to the current
through the first transistor; and
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the second current mirror 1s arranged to mirror the first

mirror current, thus generating the tap current.

9. The voltage regulator of claim 1, wherein the current
mirror 1s a second current mirror and the voltage regulator
comprises a first current mirror;

the first current mirror 1s arranged to generate a first

mirror current that has a component proportional to the
load current:

the second current mirror 1s arranged to mirror the first

mirror current, thus generating the second mirror cur-
rent.

10. The voltage regulator of claim 1, wherein the first
resistive element, the fourth resistive element, and the one or
more connecting lines are made of the same material.

11. The voltage regulator of claim 1, wherein the second
and third resistive elements are made of the same material.

12. A method for applying a regulated voltage-across a
load, comprising:

providing a ground voltage and a pick-ofl voltage to a

regulator branch and a load branch connected in par-
allel between the pick-oil voltage and the ground
voltage;

generating a load current through a load branch, wherein

the load branch comprises one or more resistive con-
necting lines that are connected or connectable 1n series
with the load;

providing a regulated bias voltage through a bias node

that 1s part of the regulator branch, wherein a first
resistive element 1s connected between the bias node
and a pick-ofl node coupled to provide the pick-off
voltage, and a tap node 1s connected between the bias
node and the resistive element, the regulator branch
comprises the bias node, the first resistive element, the
tap node, a voltage divider comprising second and third
resistive elements and a fourth resistive element the
voltage divider connected between the tap node and the
ground, wherein the voltage divider comprises the bias
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node, the first resistive element 1s connected between
the bias node and the pick-oil node, the second resistive
clement 1s connected between the voltage divider and
the ground node, and the tap node 1s connected between
the bias node and the first resistive element, the first,
second, third, and fourth resistive elements have resis-
tances R_met, R1, R2, and R2_met, respectively, and
the ratio R1_met/R2 met 1s equal to the ratio R1/R2;

drawing a tap current from a current mirror connected to
the tap node, the tap current having a component that
1s proportional to a load current of the load so that the
pick-ofl voltage increases when the load current
increases and decreases when the load current
decreases.

13. The method of claim 12, wherein the tap current 1s
equal to a fraction 1/K of the load current, wherein K 1s a
constant greater than five.

14. The method of claim 13, wherein the first resistive
element has a resistance R1 met and the one or more
connecting lines together have a resistance Rwire, and
wherein R1_met divided by K 1s approximately equal to
Rwire.

15. The method of claam 12, wherein the first resistive
clement-and the one or more connecting lines are made of
the same material.

16. The method of claim 12, wherein the first resistive
clement and the one or more connecting lines are made of a
metal.

17. The method of claim 12, comprising regulating the
bias voltage to a reference voltage using a feedback network.

18. The method of claim 17, wherein the feedback net-
work comprises an operational amplifier and a transistor; the
operational amplifier has a reference input, a feedback 1mnput
and an amplifier output; the transistor 1s connected between
a supply node and the pick-off node and has a control
terminal connected to the amplifier output.
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